Though mechanical stimuli are essential for appropriate tissue morphogenesis, excess stress induces cell death resulting in imperfect development. Bone tissue has a highly ordered structure that is responsible for its mechanical function. Osteoblast mechanosensitivity is considered as one of the regulators for anisotropic morphogenesis of bone tissue, by controlling the balance between cell death and cellular responses, including both morphological and functional changes caused by mechanical stress. The optimal conditions for continuous cyclic stretching required for retaining the osteoblast arrangement in long-term cultivation were determined, which led to the establishment of an ordered architecture of the primary osteoblast monolayer. Long-term cultivation under continuous mechanical stress is quite challenging and has not yet been established, because of the inability to retain cell arrangement without inducing cell death. The present findings are relevant for bone tissue reconstruction with the recovery of the original ordered microstructure of bone tissue because the development of an ordered pattern of osteoblasts is imperative for the following anisotropic bone tissue genesis. To the best of our knowledge, this is the first report on sustaining an ordered cell arrangement under mechanical stress for a long-term period of 168 h.
Introduction
Living cells are subjected to various types of environmental mechanical stresses during ontogenetic processes and tissue morphogenesis. In particular, the formation of bone tissue, which works as a skeletal system for the mechanical protection of organisms and their internal organs, is closely associated with biomechanical forces. The directional architecture of bone tissue, derived from the coordinated alignment of collagen fibers and apatite crystals, 1) shows correspondence with the in vivo stress distribution.
2) Therefore, anisotropic bone tissue morphogenesis is considered to be mediated by mechanosensing by the constituent cells. Osteoblasts, which are located on the surface of bone matrix, are considered to sense the bone surface strain caused by the physiological loading. Controlling the stress field surrounding the osteoblasts could affect the directional behaviors involving cell orientation, migration, and division, leading to the construction of a bone-mimetic anisotropic matrix structure in vitro. 3) Though mechanical stress at physiological levels is essential for appropriate tissue morphogenesis, elevated levels of stress lead to cell death, resulting in imperfect morphogenesis. In the past, investigations into osteoblast mechanosensibility to substrate strain have only focused on the transient responses, 4, 5) because excess stress in extended culture periods induced cell apoptosis, whereas too weak stress did not induce discernible responses. Considering that tissue genesis is mediated by the orchestrating activities of multiple cells, 6) retaining osteoblast alignment during longterm cultivation is necessary for appropriate tissue formation. In this article, the optimal mechanical conditions for osteoblast arrangement under continuous cyclic stretching were determined, leading to the establishment of an ordered architecture of primary osteoblasts.
Materials and Methods

Cell culture
Primary osteoblast culture was performed based on the sequential digestion protocol. 7) Neonatal C57BL/6 mice were sacrificed by decapitation, following which the calvariae were excised, placed in ice-cold ¡-MEM, and the fibrous tissues around the bone were gently removed. To isolate a better homogeneous osteoblast population, the outer layers of the periosteum were removed. The calvariae were then treated with a series of collagenase/trypsin digests at 37°C for 15 min each. The supernatants 3, 4 and 5 were neutralized with ¡-MEM for enzyme deactivation, pooled, and filtered using a 200-µm mesh. The cells were centrifuged, and the pellets were resuspended in ¡-MEM containing 10% fetal bovine serum (FBS) for cell culture. Cells were then seeded onto cell culture dishes.
Application of cyclic stretching
Cells under passage 2 were subjected to mechanical stretching. In subconfluent conditions, cells were detached from the culture dish with 0.25% trypsin/EDTA and transferred to a polydimethylsiloxyane (PDMS) chamber (STB-CH-04, Strex; 4 cm 2 in area and 200 µm thickness for cell culture surface) coated with 0.01 mg/mL fibronectin. A schematic illustration of the cell culture procedure is shown in Fig. 1 . After cell attachment in a 24 h culture under static conditions, six conditions using combinations of 110 cycles/min and 210% magnitude uniaxial cyclic stretching were applied to the cells continuously (STB-140, Strex) (Fig. 2) . As a control, unstrained cells were identically maintained under static conditions (n = 5 in each group).
Osteoblast morphological analysis
Cell images were obtained using phase contrast microscopy (BIOZERO, Keyence). For observation by a scanning electron microscopy (SEM, JSM-6390, JEOL), cells were fixed with 2% glutalaldehyde in cacodylate buffer, followed by post-fixation with 1% osmium tetroxide for 1 h. The dehydrated samples were freeze-dried and then sputter-coated with gold/palladium and analyzed by SEM.
Results and Discussion
Bone tissue anisotropy and osteoblasts
Reconstructing the directional tissue architecture is essential for bone repair and regeneration, because preferential apatite c-axis orientation is a strong determinant of the mechanical function of regenerated bone tissues. 8, 9) Tissue structure is considered to be determined by the activities of the tissue-building cells. Osteoblasts produce bone matrix and thus have a significant impact on the amount, morphology, and anisotropy of bone matrix. In this article, osteoblast arrangement was successfully controlled by longterm continuous cyclic stretching while simultaneously keeping the cells in a confluent condition.
The osteoblasts exhibited different responses to the various types of mechanical stress conditions. Figure 3 (a) shows that the osteoblasts reached a confluent state with no preferential orientation after culturing for 144 h under condition (A) (1 cycle/min, 2% magnitude). In contrast, the osteoblasts tended to align in one direction when the cells were subjected to condition (F) (10 cycles/min, 10% magnitude) (Fig. 3(b) ). However, under these conditions, extensive cell death was observed. Considering the fact that cell death is rarely seen in conditions of low-frequency stretching cycles and low magnitude, such as was the case with conditions (A)(D), the elevated mechanical stress was considered to be the trigger that caused cell death. Excess mechanical stress is also known to induce the cell detachment; however, the present cell culture surface was carefully coated with fibronectin, resulting in sufficient cell attachment without inducing cell detachment.
Osteoblast morphological responses to mechanical stresses have been studied in short-term cultivation because long-term cultivation under mechanical stresses has been considered difficult to realize. The physiological level of mechanical stress regulates the morphogenesis and development of biological tissue; however, elevated levels of stress can cause cell death by modulating cell survival and death-signaling pathways via sensing the excess stresses through several types of transmembrane receptors.
Signaling pathways regulating cell death
Biomechanical stresses induce several molecular signal transductions, as well as the biochemical stimuli including growth factors, cytokines, and extracellular matrix (ECM) composition. In other words, mechanical stress-induced cell death is not just a result of cell injury but of highly regulated molecular processes that lead to appropriate tissue morphogenesis. The molecular pathways involving compressioninduced osteoblast apoptosis is considered to be the result of activation of caspase-3 via caspase-8 signaling cascade. 10) Overstretching-induced apoptosis and cell-growth arrest have been well investigated in the cardiovascular system. 11, 12) Mechanical stress is sensed by cell-membrane receptors, including integrins, ion channels, and some types of growthfactor receptors. One of the main processes that lead to apoptosis involves the death-receptor pathway. Stimulation of transmembrane receptors leads to the recruitment of procaspase-8 molecules via the adaptor molecule fasassociated death domain (FADD) protein, resulting in the activation of caspase-8. The other main process originates from the mitochondria, which release caspase-activating proteins such as cytochrome c and apoptosis-inducing factor (AIF). Both the pathways are regulated and linked via proapoptotic and antiapoptotic molecules of the Bcl-2 protein family. Apart from these two pathways, MAPK mediates apoptosis via the activation of several transcription factors or p53. These pathways are considered to be related to the molecular pathways in mechanical stress-induced apoptosis in osteoblasts as seen in this article.
3.3
The optimal mechanical conditions for osteoblast alignment for long-term culture Osteoblast morphological responses against mechanical stresses have been demonstrated in short-term cultivation for up to 72 h. 1315) On the other hand, extended cultivation for periods longer than 168 h was limited to research on its function under physiological levels of biaxial stretching of 0.4% strains by using SV-40 immortalized osteoblasts. 16, 17) Note that the morphological information of the osteoblasts is not mentioned in these studies.
In this article, the optimal mechanical conditions for cell alignment during long-term cultivation were found to be those of conditions (C) (2 cycles/min, 4% magnitude) and (D) (3 cycles/min, 4% magnitude). Figures 4(a) and 4(b) show that under static conditions, cells exhibited orientational disorder, whereas the cells showed preferential alignment under continuous cyclic stretching condition (D). While physiological strains are of the order of 20004000 µstrain, 18) this level of strains were non-stimulatory to osteoblasts in vitro. This is considered to be derived from the difference of the characteristics of strains and cellular sensitivities between in vivo and in vitro. In bone tissue, osteoblasts work as mechanotransducers cooperatively with osteocytes which sense the amplified local strains due to their lacunocanalicular network system. 19) Since such mechanotransduction system in vivo does not work in the present system in vitro, the cellular responses are considered different from those occur during in vivo system.
The optimal conditions were discovered by varying the combination of two factorsfrequency and magnitude of the cyclic stretching (Table 1) . Both the stretch frequency and magnitude are considered to have an effect on the change of cell direction. For osteoblasts, a stretch amplitude threshold for cell morphological change has been proposed as 4%, 13) which is consistent with our results showing that 4% stretching is best suited for sustained cell alignment. However, the combined conditions of 5 cycles/min frequency and 4% magnitude resulted in excess stress for osteoblasts in long-term cultivation, resulting in apoptosis. This means that the stress-induced apoptosis is mediated by the stretching frequency.
Cytoskeletal regulation of cell morphology
Cell morphology is determined by the orchestrated activities of cytoskeletal proteins and their related molecules. Actin stress fiber, which is the dominant regulator of cell shape, adhesion and migration, was observed with SEM ( Figs. 5(a) and 5(b) ). The disordered stress fibers were spread in all directions under static condition, whereas the uniformly organized thick stress fibers were parallel in the stretched cells. Stress fibers also play an important role in mechanosensing, and their organization is closely related to tissue development. Cells assemble stress fibers when they encounter mechanical stresses. In this article, the organized thick stress fibers of the aligned osteoblasts are considered to be the result of mechanosensing by the actin stress fibers themselves or by focal adhesions. In addition, the stress fibers were aligned along the major axis of the cells, which means they are the dominant regulators of the entire cell morphology.
3.5 Osteoblast arrangement for anisotropic bone tissue reconstruction Sustaining the osteoblast alignment with a confluent state is essential for the development of ordered structures of bone tissue because tissue morphogenesis progresses in the presence of cellcell communication. Controlling the cell arrangement, therefore, is the precipitating event for appropriate tissue morphogenesis. Our findings of directional controllability of osteoblasts under continuous mechanical stress have significant potential in terms of anisotropic bone tissue reconstruction.
In addition, the gene expression levels of osterix, one of transcription factors required for osteoblast differentiation, showed no difference between the static and stretched cells. That is, the stretched osteoblasts exhibited morphological changes without inducing dedifferentiation. These results have a great potential for tissue engineering including bone regeneration with recovery of the original bone tissue anisotropy because the differentiated cell activities are essential for tissue regeneration.
Conclusions
The construction of an ordered architecture of bone tissue is mediated by environmental factors, including mechanical conditions. In the present article, the control of osteoblast arrangement under long-term continuous cyclic stretch for 144 h was successfully established without leading to excess cell death. The major conclusions of this article are as follows:
(1) Excess mechanical stress induced osteoblast apoptosis, whereas too weak stimulation did not induce discernible responses.
(2) Long-term cyclic stretching of 4% magnitude at rate 23 cycles/min successfully induced the osteoblast alignment while keeping the cell condition confluent.
(3) Actin stress fibers were organized parallel to cell orientation under cyclic stretching conditions, whereas they were disordered under static conditions. 
